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INTRODUCTION
Solitary bee species are highly significant providers of ecological services (Ollerton, Winfree and Tarrant 2011; Garibaldi et al. 2013; Klein et al. 2017) . However, it was only in the late 1990s when solitary bees were brought under the spotlight as alternative pollinators, when beekeepers worldwide started to report severe declines of bee populations and the high mortality of larvae in honey bee hives (Potts et al. 2010 ). Since then, most studies on solitary bee health and efficiency in recruiting offspring have been restricted to ecological observations of habitat disturbance or temperature alterations (Schenk, Krauss and Holzschuh 2018) , pollen quality (Praz, Müller and Dorn 2008) and parasites (Strohm 2011) . Only a few studies have dealt with the solitary bees' natural microbiota (Keller, Grimmer and Steffan-Dewenter 2013; Lozo et al. 2015; McFrederick and Rehan 2016) , despite the fact that studies on the honey bee gut and hive microbiome have indicated the high importance of microbial agents for the health and function of the colony. Indeed, honey bee gut microbiota has been associated with triggering the host immune system, antimicrobial defense and pollen processing (Engel, Martinson and Moran 2012; Kešnerová et al. 2017) .
Microbial profiling of the solitary bee nest environment alongside the animals themselves is a particularly intriguing task, as the multiple aspects of their nesting ecology and their diverse foraging preferences form distinctive conditions (Strickler 1979 ) that could establish different routes for microbial colonization. Additionally, lack of active transfer of specialized bacteria through direct social interactions implies a greater susceptibility to environmental factors. Higher environmental influence on the microbial community composition and structure could also pose an impediment to the establishment of specialized host-microbe associations and co-evolution. In general, solitary bee larvae have been associated with highly diverse bacterial communities, especially when compared with social bees. In fact, the honey bee larval microbiome is claimed to be composed primarily of Lactobacilli and Acetobacteriaceae with the gut microbiota of the workers in the hive consisting of less than 10 bacterial phylotypes, actively transmitted through social contact Powell et al. 2014; Kwong and Moran 2016) . Host specific lactic acid bacteria seem to be also at the core of stingless bee microbiomes (Leonhardt and Kaltenpoth 2014) .
The solitary insect lifestyle precludes transfer of bacterial symbionts between generations through direct faecal-oral connectivity and oral trophallaxis (Martinson, Moy and Moran 2012) . However, there are species reported where the female is able to inoculate their eggs with bacteria, thus preserving a stable hostmicrobe relationship (Hosokawa, Kikuchi and Fukatsu 2007) . In the case of solitary bees, preprocessing of stored pollen mixed with nectar and salivary gland secretions might inoculate the diet with bacteria essential for the developing larvae. Finally, the selection of the nesting site with its accompanying floral resource diversity, microclimate, habitat type, agricultural land use and overall environment might affect microbial communities. It is possible for non-social insects to be related to bacteria with conserved interactions through environmental transmission routes or food acquisition; their extent and importance, though, remain understudied.
In the present study, we included four solitary bee species reported to contribute largely to crop pollination. All four belong to the Megachilidae, which has been studied for its diverse nest ecology, as well as for its intimate interaction with flowering plants (Müller 1995; O'Toole and Raw 1999; Cane, Griswold and Parker 2007) . Samples in this study consisted of Osmia bicornis, Osmia caerulescens, Megachile rotundata and Megachile versicolor larvae along with their pollen provisions, collected from 12 localities with agricultural land and adjacent semi-natural vegetation.
For the species studied here, females start assembling pollen into elongated narrow natural cavities a few days after mating (Strohm et al. 2002) . Once they lay an egg on a formed pollen clump, they construct a chamber using natural materials, which range from soil (O. bicornis) to leaves (Megachile spp.) and other plant parts (O. caerulescens) or loam and resin (Westrich 2015) . A nest usually consists of 2 to 10 cells (Bosch and Vicens 2006) and when it is completed, the female seals the entrance on exiting, providing no additional maternal support. About 1 week after eggs are laid, they eclose and develop into larvae (Raw 1972) . The bees hibernate in cocoons, until their emergence (Bosch and Kemp 2004) . In general, flight activity of a given specific species is restricted to a time frame of two to three months.
Our research concentrated on investigating the microbiome of both larvae and stored pollen in nest chambers of the selected bee species. One of our primary goals was to discover and characterize their microbiome diversity. Given the inclusion of different nesting environments, we also investigated whether the discovered communities are species specific or their structure is affected by landscape. Furthermore, we aimed at unveiling bacterial taxa showing consistent occurrence in the larvae and the pollen provision samples within the same bee species. Finally, we followed the bacterial shifts happening inside the nests along with the development of the larvae. Results uncovered high bacterial biodiversity in the bee nests and species-specific microbiomes. At the same time, consistent bacterial taxonomic units were determined for each species. Finally, using larval size as a proxy for developmental stage, we identified shifts in prevalent bacterial taxa and corresponding succession patterns.
MATERIALS AND METHODS

Sampling design
Sampling was conducted with the use of artificial nests consisting of reed internodes, which were constructed in early spring 2016, before the emergence of the solitary bees from hibernation. They were placed at 12 localities, spread through an area with a radius of 32 km at northern Bavaria, Germany. Minimum distance between two sites was 3.3 km and maximum distance between two sites was 63.77 km. Nests were established in areas principally occupied by agricultural land with adjacent land consisting of semi-natural vegetation.
For each of the stations, two trap-nests were established in neighboring sites, each consisting of 30-50 reed internodes, each 20 cm long with a diameter of 4 to 10 mm. Artificial nests were examined every 15 days until the end of July 2016. Reed canes with an apparently clogged entrance were considered as occupied and directly transferred into the lab. The date of sampling and place of origin of each nest was recorded, before they were opened in order to remove the larvae, pollen and material used for nest chamber construction. Nests were transported and opened horizontally in order not to disrupt the larvae. Nest chambers were selected to be included in the study, with the pre-requisite that they were not visibly affected by pathogens or parasites. Osmia bicornis was represented with 70 nest chambers from 10 localities, O. caerulescens with eight chambers/two localities, M. rotundata with 21 chambers/three localities and M. versicolor with three chambers/one locality. Pollen provisions and larvae were transferred separately with the use of sterile spatula into sterile tubes, which were immediately frozen down to −25
• C. Six chambers from M. rotundata nests contained only late-stage larvae, which had completely consumed the pollen provision, preventing the inclusion of a pollen sample from those cells. In total, 198 specimens of larvae and pollen provisions were included in this study.
Laboratory workflow
Laboratory workflow included genomic DNA isolation from mixed environmental samples, library preparation, indexing, quality control, normalization, pooling, quantification and sequencing.
Genomic DNA from each of the specimens included in the study was isolated using the Macherey-Nagel Nucleospin (Düren, Germany) kits for Food and Soil following a protocol modified to better handle hard-to-lyse bacterial cell walls. Original material was mechanically homogenized prior to the cell lysis step. Macherey-Nagel Nucleospin kit for Soil has been tested for delivering high-quality, inhibitor-free template DNA from samples of gram-positive and gram-negative bacteria derived from environmental sources (Burbach et al. 2016) .
After the acquisition of whole genomic DNA, we proceeded to the PCR amplification of the 16S ribosomal DNA based on the Illumina platform (Illumina 2013; Illumina 2017 ) for 16S rDNA meta-barcoding. We followed the dual-indexing strategy by Kozich et al. (2013) After the end of the reaction, triplicates were combined, and PCR success was checked through gel electrophoresis in a 1% agarose gel. Three control samples with PCR grade water, the cell lysis buffer used in the preliminary steps of the genomic DNA extraction and a swab sample from the interior of the artificial nests were also amplified under the same conditions for the same 16S rRNA gene locus and underwent the whole laboratory procedure. The DNA amount was normalized between samples using the Invitrogen SequalPrep Plate Normalization Kit (ThermoFisher Scientific, Life Technologies, Carlsbad, CA, USA). We used the BioAnalyzer 2200 (Agilent, Santa Clara, USA) with High Sensitivity DNA Chips for verification of fragment length distributions. The final pool was also quantified using a Qubit II Flurometer and the dsDNA High-Sensitivity Assay Kit (ThermoFisher Scientific, Life Technologies, Carlsbad, CA, USA). The final library pool was loaded into a 500 cycle reagent Illumina Miseq cartridge along with the read 1 and read 2 sequencing primers. MiSeq requires base diversity on every cycle and since the 16S ribosomal gene library is one of low diversity, the latter was loaded with 5% PhiXv3, a ready-to-use control library for Illumina sequencing runs (Illumina 2016b) . Sequencing was performed in-house on a Miseq platform device located in the Department of Human Genetics of the University of Würzburg, Germany. Raw data has been deposited at the Sequence Read Archive (SRA) at the EBI and is publicly accessible under project number PRJEB27223.
Data analysis
We used QIIME (Caporaso et al. 2010) to join paired ends (250 bp minimum merged length) and USEARCH (Edgar 2013; Edgar 2016) for length truncating (250 bp), quality filtering (no ambiguous bases, no Ns) and file conversion. Chimera filtering, operational taxonomic unit (OTU) clustering with a minimum identity threshold of 97% on global alignments and OTU table construction were also performed with USEARCH. As a second quality filter, we restricted data to high quality reads with maximum number of expected errors at Emax = 0.5 (Edgar and Flyvbjerg 2015) . Singleton OTUs were excluded from the downstream analyses. Taxonomy assignment was based on Greengenes 135 reference database (McDonald et al. 2012 ) conducted with RDP classifier 2.11 (Wang et al. 2007) . After the acquisition of the OTU table, data were further analyzed in R 3.2.4. (R core 2017) and the packages phyloseq (McMurdie and Holmes 2013), ggplot2 (Wickham 2009), dplyr (Wickham and Francois 2015) , reshape2 (Wickham 2007) , microbiome (Lahti and Shetty 2017) , Hmisc (Harrell 2017) , GGally (Schloerke et al. 2017) and vegan (Oksanen et al. 2013) . The OTU table was filtered to exclude OTUs annotated as chloroplasts or mitochondria and such OTUs with a minimum relative abundance of 5% in the control samples (Sheet 2, Supporting Information). Final filtered samples were checked to confirm they had more than 1000 reads.
After filtering, OTU-richness (plain total number) and Shannon OTU-diversity were computed for all samples (Shannon 1948; Whittaker 1972; Magurran 2004) . Analysis of variance (ANOVA) was performed for Shannon index values of all larvae and pollen samples setting the bee species as the source of variation, to detect differences in levels of biodiversity between host species. T-tests were conducted to compare the means of OTU richness for pollen and larvae samples for each species. Data were relativized and differences in community composition were visualized with Bray-Curtis based non-metric multidimensional scaling (NMDS) of OTU identities. Clusters were identified and were associated with bee species and sample type.
Information on land in a radius of 1 km around each sampling site was retrieved with the software QGIS v2.18.16 from the CORINE Land Cover (CLC) inventory. Land use categories were representative of agricultural and semi-natural land. Land categorized as non-irrigated arable land, vineyards and land with complex cultivation patterns were treated as agricultural land. Those categorized as transitional woodland, grasslands for pastures and forest were treated as land with semi-natural vegetation. Discontinuous urban fabric and relevant artificially surfaced areas were categorized as anthropogenic environment and were noted as such where present (Table 1 ). The two most abundant land use categories, which were also present in all sampling sites, were non-irrigated arable land and transitional woodland with mean ratios of 53.50% and 21.74%, respectively among all sampling sites. To investigate the effect of landscape on the bacterial communities, we used two different metrics. First, all sampling sites were assigned to two landscape types. The first type included nine sites mainly occupied by agricultural activities and the second included three sites mainly occupied by seminatural vegetation within a radius of 1 km around the established trap-nests. Anthropogenic environment was ignored as non-interfering with the type of landscape, since it stands for artificially surfaced ground like wooden constructions for pasture, asphalted country roads and in one case, one recreational camping site (Site ID: A). Second, we followed the procedure of Redlich, Martin and Steffan-Dewenter (2018) to calculate Shannon's diversity of land use types, within a radius of 1 km around each established trap-nest. We treated land use categories as different main habitat types in the respective landscapes and calculated Shannon's diversity based on the relative cover of each land use. The minimum Shannon value was 0.50 with a Bray-Curtis dissimilarities between samples were computed and permutational multivariate analysis of variance (PER-MANOVA/Adonis) was applied to test the homogeneity between group levels for larvae and pollen separately, by setting landscape type and landscape diversity as independent factors. A pre-requisite of PERMANOVA is that the multivariate spread among different groups is not statistically different. Therefore, we tested the homogeneity of variances among groups with betadisper, a multivariate analogue of Levene's test (Levene 1960) . The same preliminary test was conducted in all cases where we applied PERMANOVA throughout the data analysis.
For testing host species specificity of bacterial communities, we used the datasets coming from the three sampling sites where more than one bee species was sampled. Bray-Curtis distances between samples were computed and PERMANOVA was applied to test the homogeneity between groups for larvae and pollen separately, using host species as an independent variable.
The effect of locality on the shaping of the microbiota of all samples was investigated through Mantel correlation tests for larvae and pollen specimens. Correlation of matrices used BrayCurtis dissimilarities for all samples and geographical distances between sampling stations.
In an overview of the bacterial communities related to each host species and sample type, we refer to relative abundances of bacterial taxa, which represent the contribution of the 16S rDNA reads under each mentioned taxon to the following groups of samples: O. bicornis larvae, O. bicornis pollen, O. caerulescens larvae, O. caerulescens pollen, M. rotundata larvae, M. rotundata pollen, M. versicolor larvae and M. versicolor pollen. Furthermore, taxa with consistent occurrence in specimen subsets defined by the host species and the type of the specimen were retrieved (Salonen et al. 2012) . Megachile versicolor was excluded from the analysis as it is represented only with three nest chambers. The analysis was conducted with setting the parameter of OTU prevalence at 90% of all samples and a detection threshold for relative abundance of OTUs at 2%.
Finally, relative abundances for each prevalent bacterial family as well as the Shannon index for each sample were correlated with the measured larval size at the time of the opening of each nest, using Spearman's coefficient. Rho values denote the statistical dependence between the ranking of each two variables, assessing the grade that the selected variables are related according to a monotonic function. In addition, to test if landscape has an effect on the microbiome of larvae and pollen of a particular developmental stage we divided O. bicornis samples according to larval size and conducted a PERMANOVA/Adonis, using landscape and region as independent factors. Sample groups were set as follows: (i) eleven chambers with larval length of 4.0 to 4.9 cm from seven sampling sites, (ii) 31 chambers with larvae length of 5.0 to 5.9 cm from eight sampling sites, (iii) eleven chambers with larva length of 6.0 to 6.9 cm from six sampling sites, (iv) seven chambers with larva length of 7.0 to 7.9 cm from four sampling sites, (v) six chambers with larva length of 8.0 to 8.9 cm from three sampling sites and (vi) four chambers with larva size of 9.0 to 9.5 cm from three sampling sites.
RESULTS
Sequencing results
We investigated pollen and larvae of 102 solitary bee nest chambers, belonging to four solitary bee species; 70 from O. bicornis, 21 from M. rotundata, eight from O. caerulescens and three from M. versicolor. In the case of six chambers from M. rotundata nests, late stage larvae had consumed all provided pollen, therefore, we were not able to include these pollen samples. Therefore, 198 samples in total were sequenced for the V4 region of the bacterial 16S rDNA on the Illumina MiSeq platform, generating, on average 4736 high-quality reads per sample after quality and control filtering (Supporting Information). We found clusters for 2858 OTUs accumulated over all samples (Supporting Information), 90.38% of which were classifiable at family level.
Microbial community structure
Highest alpha-diversity was observed for the two Osmia species. Shannon values of larvae (white boxplots in Fig.1B ) and pollen samples (shaded boxplots in Fig.1B ) grouped according to host bee species showed a statistically significant difference between group means (larvae: P < 0.001 * * * , F = 28.80 and pollen: P <0.001 * * * , F = 13.87). OTU richness was higher for pollen loads than for the respective larvae. T-tests for observed OTUs between larvae and pollen of each different host bee species showed a statistically significant difference in means for O. bicornis (P < 0.001 * * * ) and M. rotundata (P < 0.05 * ) (Fig. 1 ).
Landscape and region effects on the bacterial community
We divided sampling sites into two categories, first according to landscape type and second according to landscape diversity. For the larvae dataset the factor of landscape type in the Adonis test was not statistically significant and without explanatory power (R 2 = 0.01, P > 0.05). Also, the multivariate dispersions among groups were homogenous (betadisper P = 0.16). For pollen samples, the result of Adonis was also non-significant (R 2 = 0.01, P > 0.05), with the multivariate dispersions among same groups being homogenous (betadisper P > 0.05). Furthermore, landscape diversity was also statistically non-significant as a driving factor of microbiome structure in our dataset, both for larvae (R 2 = 0.01, P > 0.05) and pollen (R 2 = 0.01, P > 0.05), while the multivariate dispersions among groups were homogenous (betadisper P = 0.31 and betadisper P = 0.06, respectively). Moreover, we examined the correlation between a BrayCurtis dissimilarity matrix for all samples and the matrix of geographic distances between all sampling sites to test for possible geographic effects on microbiota of samples. We tested the host species which were collected from more than two locations: O. bicornis (10 localities), and M. rotundata (three localities). Neither O. bicornis larvae and pollen (Mantel statistic r = 0.07346, P > 0.05 and Mantel statistic r = −0.002519, P > 0.05, respectively), nor M. rotundata larvae and pollen (Mantel statistic r = −0.2302, P > 0.05 and Mantel statistic r = −0.252, P > 0.05, respectively) showed a statistically significant correlation.
Species-specificity of the bacterial communities
We observed a clear separation of samples assigned to the two different bee host genera, while larvae differed from pollen loads, in the ordination plot of all specimens (Fig. 2) . Larvae and pollen specimens clustered according to bee host species, with the two Megachile species assembled together.
For the three sampling localities, where more than one bee species were collected from the established trap nests, we compared sample groups assigned to the different bee species. For sampling site K, we tested larvae and pollen samples assigned to O. bicornis and M. rotundata nests. The factor of bee species in the Adonis tests was statistically significant (R 2 = 0.86 and P < 0.001 * * * for larvae samples, R 2 = 0.64 and P < 0.01 * * for pollen samples). The multivariate dispersions among groups were homogenous (betadisper P > 0.05 for larvae samples and betadisper P > 0.05 for pollen samples). Relative abundance stands for the mean contribution in 16S rDNA sequence reads. Families were included only if they were present with a ratio of >2% in at least one sample group, the remainders were grouped under 'other' of the respective higher-level taxonomy.
For sampling site L, we also had larvae and pollen samples assigned to O. bicornis and M. rotundata nests, however, the testing of homogeneity of multivariate dispersions showed heterogenous dispersion between groups (betadisper P < 0.001 * * * for both larvae and pollen samples.). Adonis results for larvae and pollen were R 2 = 0.60, P < 0.01 * * for larvae samples and R 2 = 0.81, P < 0.01 * * for pollen samples. Finally, for the third sampling site, B, we tested larvae and pollen samples assigned to O. bicornis and O. caerulescens. In the case of the larvae specimens, heterogenous dispersion between 
Bacterial profiling
Bacterial profiles at family level for all samples are summarized in Fig. 3 
Correlation between larval size and prevalent bacterial families
Prevalent bacterial families from larvae and pollen samples (Fig.  3) , as well as the Shannon biodiversity index of bacterial communities were correlated to the developmental stage of the larvae as estimated from their measured length. Shannon index as a measure of alpha diversity and the size of the larva in each sample were plotted (Fig. 4) . Correlations showing statistical significance (P < 0.05) are highlighted in Table 2 . In the case of pollen provisions, shifts of Shannon diversity as well as of relative abundances for specific bacterial families show an overall dynamic change in the bacterial community with progressing larval development (Table 2) .
Additionally, O. bicornis larvae and pollen were divided into six groups each, according to the size of the larva in each respective nest chamber and were tested to investigate any effect of landscape or region. No group showed statistically significant landscape effects either for larvae or for pollen (P > 0.05). When locality was set as a factor for the same sample groups, Adonis tests returned statistically significant results only for pollen samples originating from nest chambers with the smallest larvae (group A. 4.0 to 4.9 cm, P < 0.05 * , R2 = 0.80152, with homogenous multivariate dispersions among sample groups betadisper P > 0.05) Table 2. Spearman's coefficient for correlations between bacterial families and larval size. Families were included in the Table, only if they were present with a ratio of >2% in at least one sample group and if they returned a statistical significant correlation ( * : P < 0.05, * * : P < 0.01 and * * * : P < 0.001). 
DISCUSSION
Solitary bee larvae and pollen provisioning harbor microbiota of great biodiversity
The environmentally susceptible conditions in solitary bee nest chambers, where larvae are growing unattended relate to diverse bacterial communities with complex structure. In general, the absolute number of discovered OTUs was significantly higher for pollen provisions than for larvae in each of the two most abundant bee species, even though larvae develop firmly attached to the pollen clumps, indicating resistance of larvae to environmentally introduced bacteria.
In our results, a high ratio of Proteobacteria over Firmicutes seems to be the case in all pollen samples. Enterobacteriaceae in all pollen and larvae samples is almost entirely represented by Erwinia spp., a genus closely associated with plants and specifically flowers (Gnanamanickam 2006; Junker et al. 2011; Junker and Keller 2015) , and which has been reported also by other wild bee microbiota studies (McFrederick and Rehan 2016) . Moraxellaceae and especially Acinetobacter, was detected in all sample groups but mostly in pollen data. Acinetobacter strains have been isolated from Mediterranean insect pollinated plants (Alvarez Perez et al. 2013) . The family of Acetobacteraceae was detected in all sample subgroups, but mostly in M. rotundata pollen samples and has been reported as important in food uptake and host survival of insects (Crotti et al. 2010) . Finally, Pseudomonadaceae and Burkholderiaceae are diverse families, abundant in plant tissues and often reported as beneficial for plants and soil (Roberson and Firestone 1992; Chang et al. 2007) .
Firmicutes are represented mostly by Bacilli in all sample subsets. Bacilli have been reported as beneficial for honey bee guts (Gilliam 1990; Sabaté, Carrillo and Audisio 2009) although there are species under the genus Bacillus known to be toxin producing and lethal for insect larvae and pupae (Jurat-Fuentes and Jackson 2012) . Also, Paenibacillus is a notorious genus in insect microbiota studies: Peanibacillus larvae is considered to be the cause of American Foulbrood of honey bees (AFB) (Genersch 2008; Genersch 2010) and Paenibacillus alvei can establish in the larval remains of diseased honey bee colonies (Forsgren 2010) . However, many Paenibacillus sp. possess antifungal and antibacterial bioproperties, which are important in environmental biocontrol (Raza, Yang and Shen 2008; Naing et al. 2014) . Furthermore, we observed an interesting difference between bee host-species regarding Lactobacilli. While Lactobacillus sp. appears only in low ratio in O. bicornis larvae and pollen, that is not the case for O. caerulescens and M. rotundata, where the genus was strongly represented. This finding highlights the need to further examine possible bioproperties of Lactobacilli from the interior of the nests, since these bacteria are main contributors in pollen fermentation within social bee colonies and they have been reported to defend bee hives against bacterial pathogens (Vasquez et al. 2012) , possibly by secreting antimicrobial substances (Killer et al. 2014) . The most abundant Lactobacillus phylotypes identified in our dataset were closest assigned to phylotypes from a wild megachilid bee species microbiota study (McFrederick et al. 2017) .
Apart from assessing biodiversity, we also investigated bacterial taxa which were always present in each of the sample groups. From all discovered OTUs only one or two were present in relative abundance of more than 2% in each sample group. This indicates the importance of low abundance OTUs in the microbiome composition and that solitary life probably avoids the maintenance of a core microbiome with few dominant members within the nest. In addition, the consistent occurrence of Lactobacilli in the pollen provision of certain solitary bee species nests indicates a close relationship of the bee with a bacterial agent of possible beneficial bioproperties.
We thus conclude, bacterial community description for bee nests with no social structure is an intriguing task, since high bacterial diversity can mask existing patterns of host-specificity between hosts and certain bacterial taxa. Further investigation of the nest diversity in fungi, viruses and protists, as well as the inclusion of greater host species diversity in relevant studies would expand our knowledge on the overall nest microbiome structure for this group of valuable pollinators.
Microbiomes are more species-specific rather than landscape influenced
Solitary bees demonstrate a variety of different behaviors and preferences, when it comes to the proper construction of a nest to lay their eggs in and the foraging of pollen to provide for their offspring. In our study, bacterial communities were distinct for each host bee species despite the high diversity and fluctuation of recurring bacterial phylotypes. In the few cases where different bee species were collected from the same locality, microbiomes were more homogenous within the species and more different between species. The inclusion of environmental materials in the nest construction, such as soil (O. bicornis), leaves (Megachile sp.), or masticated plant tissue (O. caerulescens), as well as availability and preferences for different pollen sources (Sickel et al. 2015) , could significantly influence the microbiome of the resulting nest.
Nevertheless, the composition of nest construction materials and pollen may change between landscapes and biogeographical regions. Indeed, plant community variability between regions has shown an effect on bee forage (Steffan-Dewenter and Kuhn 2003; Danner et al. 2017; Persson, Mazier and Smith 2018) which, in turn, could influence the natural microbiome of the nests through passive bacterial transmission or pollen mediated biochemical suppression of specific bacteria. In our study, we used information regarding the sampling sites to investigate the impact that landscape and region may have on the discovered bee nest bacterial communities. Neither landscape nor region had a direct effect on the shaping of microbiome structure in our study. As our study was restricted to Southern Germany, however, further studies that include populations from different geographical latitudes or more contrasting landscapes with diverse plant community compositions might show different results of environmental effects on solitary bee microbiomes. In our case, even though absence of a landscape effect was observed both for early and late stage larvae and respective pollen provisions, the pollen bacterial communities from early stage O. bicornis larvae were strongly dependent on the sampling site they originated from. This finding could indicate that although an original bacterial community in the nest is connected to the landscape where the nest is located, bacterial succession in the interior of the nests proceeds independently.
Microbiome succession with larval development
Pollen provisioning for the larvae inside the solitary bee nests is the source of nutrition that the developing individuals will consume as they grow. Keeping in mind the absence of any additional nursing during this process, it is obvious that the digestibility of pollen is a major issue for the development of a healthy adult. In social honey bees, processed pollen offers the larvae and queen a protein-rich nutritional mixture (Crailsheim 1990; Ellis and Hayes 2009) . The abundance and quality of this mixture influences the egg production and larval growth (Schmickl and Crailsheim 2002) . Initial breaking of the complex pollen grain is conducted with mechanical force and osmotic pressure, while digestion relies on enzymes and low PH (Velthuis 1992; Judd 2011) . Bee bread is produced with the contribution of lactic acid bacteria actively inoculated by the worker bees via regurgitated nectar (Vásquez and Olofsson 2009 ). In the solitary bee nest, however, eggs are laid directly onto a raw pollen clump (Raw 1972) , not in separate and dedicated chambers for fermentation, and it is unclear how young larvae succeed in handling pollen during development. The microbial load of the pollen mixtures should be in the center of such a query to investigate possible community transitions from common floral bacteria towards bacteria, which could assist in pollen pre-digestion. In order to look into this subject, we investigated the relationships between larval size and relative abundance of certain bacterial families to discover shifts during development.
First of all, both for O. bicornis and M. rotundata, the bacterial diversity of the pollen rises along with larval development (Table  2 ). The rise is accompanied by a fall of Enterobacteriaceae, which originally constitute the majority of the bacterial load for O. bicornis and a fall of Lactobacillaceae and Pseudomonadaceae for M. rotundata (Table 2) . Osmia caerulescens pollen provisions show a different pattern with a fall in Shannon diversity accompanied with a rise of Lactobacillaceae at the expense of Pseudomonadaceae (Table 2 ). In general, flower specific initial bacterial taxa such as Erwinia sp. (Enterobacteriaceae) and Pseudomonadaceae (Junker et al. 2011; Junker and Keller 2015) are replaced by others (Table 2) , which are probably better adapted to grow on the nutrient-rich pollen provision. Larval microbiome alpha diversity shows a significant correlation with larval development only in the case of M. rotundata, meaning that although alpha diversity of pollen increases showing bacterial succession patterns, larvae do not follow the same pattern.
Our results suggest a bacterial shift of the most abundant bacterial families in the pollen provisioning of solitary bee nests. When combined with the results showing that geographic origin has only effects on early stage pollen microbiomes, we could infer that an initial site-specific bacterial community is showing a bacterial succession pattern with larval development towards more similar bacterial communities in stored pollen. Further investigation should include biochemical testing of the bacterial load of early and late stage larval pollen provisions. This would assess their ability to ferment pollen, whereby they fill the void usually provided by nursing and pre-digestion of the complex pollen mixtures in social bees and to elucidate the biological importance of bacterial succession in the nests.
CONCLUSIONS
We discovered high microbiome biodiversity in solitary bee larvae and pollen provisioning inside the nests, confirming previous studies that suggest different factors structuring bacterial communities in solitary bees in contrast to those of bees with social organization. Landscape composition did not have a direct effect on the bacterial microbiome of larvae in our study, while we observed host-species specificity. We found bacterial taxa that showed consistency within each species during different developmental stages, indicating possible stable hostmicrobe relationships. Nevertheless, the microbiomes of early stage pollen provisions from the most abundant host species were influenced by site. With progressing development of the larvae, the pollen provision microbiomes underwent compositional shifts, so that the original spatial variability was not observable at later stages possibly reflecting a reduction in flower specific bacteria.
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